ABSTRACT Vacuum-tumbling marination is often used to improve the yield and quality of whole or portioned broiler breast fillets. The relationship between the marination performance of whole Pectoralis major muscles and breast fillet sub-samples is not well understood. The objective was to determine the effects of subsampling and freezing-thawing on the marination performance and cook loss of broiler breast meat. Paired right and left breast fillets were marinated as whole fillets or sub-samples (cranial and mid-caudal portions). Samples were marinated at 48 h postmortem (fresh) or stored at -20
INTRODUCTION
In the U.S., the demand for value-added poultry meat products has rapidly increased over the last several decades, leading to more broiler meat being sold as further-processed products (National Chicken Council, 2016) . Marination is now commonly used throughout the poultry industry to enhance meat tenderness, juiciness, and to improve raw and cooked product yield (Alvarado and McKee, 2007; Smith and Acton, 2010) . Based on the ingredients incorporated into the meat, marination can also be used to improve flavor and extend product shelf-life (Smith and Acton, 2010) . Marinades used in moisture-enhanced poultry products typically contain salt, phosphate, and water (Alvarado and McKee, 2007) .
Vacuum-tumbling is a method for marinating raw poultry meat that is commonly used throughout the industry. As a result, much research has been conducted on the vacuum-tumbling marination of chicken breast meat. Investigators have evaluated the effects of specific vacuum-tumbling operating parameters such as tumbling duration, speed, and pressure on marination performance (Heath and Owens, 1991; Xiong and Kupski, 1999a,b; Smith and Young, 2007) . Vacuum-tumbling marination has also been utilized to determine the impact that various marinade ingredients and formulations have on processing variables and final product quality attributes (Xiong and Kupski, 1999a,b; Parks et al., 2000; Saha et al., 2009a; Jarvis et al., 2012; Lee et al., 2012; Petracci et al., 2012; Rimini et al., 2014) . A considerable amount of research has been conducted to determine the influence of processing variables such as carcass electrical stimulation (Young et al., 1999 , carcass chilling (Carroll and Alvarado, 2008; Perumalla et al., 2011) , and post-chill aging and deboning time (Young and Lyon, 1997; Saha et al., 2009b ) on the quality attributes of vacuum tumbled marinated breast meat. Variations in raw breast meat quality such as pale color and low muscle pH (Woelfel and Sams, 2001; Qiao et al., 2002; Barbut et al., 2005; Gorsuch and Alvarado, 2010; Zhuang et al., 2014) or the presence of the white striping or woody breast conditions (Petracci et al., 2013; Mudalal et al., 2015; Soglia et al., 2016) have also been shown to influence vacuum-tumbling marination performance.
The specific methods used for sample preparation and vacuum-tumbling marination reported in the literature vary considerably. While most studies have been conducted by marinating whole boneless skinless breast fillets, some have been conducted by marinating only sub-sample portions of the breast meat. The Pectoralis major is an irregular-shaped muscle in which the thickness of the muscle, the orientation of the fibers, and the amount of exposed muscle tissue due to deboning are not uniform on the cranial-caudal and dorsalventral axes. Due to these inherent differences in the breast meat, it is hypothesized that the marination and cooking properties of whole breast fillets are different than breast meat sub-samples. Additionally, while some studies utilized fresh never-frozen breast meat, others utilized breast meat that was frozen and thawed prior to vacuum-tumbling marination. Although it is known that the formation of ice crystals during freezing can damage muscle ultrastructure and influence meat quality (Leygonie et al., 2012) , the impact of freezingthawing on the processing performance of whole breast fillets and breast fillet portions is not well defined. Thus, the objective of this study was to determine the effects of broiler breast fillet sub-sampling and freezingthawing on marinade uptake, marinade retention, and cook loss. From a research perspective, these data will provide information that is useful for experimental design and establishing protocols for sample handling. From an industry perspective, understanding these relationships will provide better insight on the marination and cooking attributes of portioned breast meat products.
MATERIALS AND METHODS

Samples and Treatments
Over 3 separate trial days, a total of 69 butterfly breast fillets (Pectoralis major) were collected from broiler carcasses at the U.S. National Poultry Research Center poultry processing facility (Athens, GA) after overnight air chilling and deboning at 24 h postmortem. Breast muscle pH was measured using a Hach H160 pH meter (Hach Co., Loveland, CO) with a piercing tip micro probe inserted into the cranial end of each fillet.
Color (CIE-L * a * b * ) was measured in triplicate on the dorsal surface of each fillet with a Minolta Spectrophotometer CM-700d (Konica Minolta Inc., Ramsey, NJ). From each butterfly breast, one fillet was marinated as a whole intact fillet (average weight 292 ± 13 g) and the other fillet was marinated as 2 sub-sample portions (7 × 4 × 2 cm, average weight 60 ± 2 g) removed from the cranial and mid-caudal portions of the Pectoralis major muscle. Fillets were sub-sampled and marinated at either 48 h postmortem (fresh) or after freezing (-20 • C) and thawing (4 • C for 24 h). The left and right fillets from each butterfly breast were assigned similar fresh or frozen/thawed treatments.
Marination and Cooking
All samples (intact fillets and sub-samples) were individually tagged prior to vacuum tumbling marination in order to retain their identification throughout the process. Samples were vacuum tumbled with marinade added at a 20% (wt/wt) marinade to meat ratio. The marinade consisted of 5% sodium chloride and 3% sodium tripolyphosphate (Innophos, Inc., Cranbury, NJ) with a targeted final concentration of 0.75% salt and 0.45% sodium tripolyphosphate (based on raw meat weight). Samples were vacuum tumbled (DVTS 30 V.S., Daniels Food Equipment, Parkers Prairie, MN) at 4
• C for a total of 45 min at 580 mm Hg and 8 rpm. Samples were weighed after 15, 30, and 45 min of vacuum-tumbling. At each interval, the tumbler was stopped and the samples were gently blotted dry to remove excess marinade on the surface prior to weighing. Samples were then placed back into the tumbler, the vacuum re-established and the tumbling process continued. After marination was completed, all samples were stored at 4
• C on covered wire racks for 24 h prior to cooking. Intact fillets and sub-samples were then individually sealed in vacuum packing bags and cooked to an internal temperature of 75
• C in a combi steam oven (MCS-6, Henny Penny Corp., Eaton, OH). Cooked samples were set at room temperature for 5 min prior to weighing.
Calculations and Statistical Analysis
Sample weights were recorded at 24 h postmortem (wt initial ), immediately prior to marination (wt premarination ), after 15, 30, and 45 min of marination (wt 15min , wt 30min , wt 45min ), 24 h after marination (wt precook ), and after cooking (wt postcook ). Fillets designated for sub-sampling were weighed as intact fillets for wt initial and wt premarination measurements and then cut into sub-samples which were individually re-weighed for sub-sample wt premarination and subsequent measurements. The following processing variables were calculated:
Purge/thaw loss (%) = ((wt initial -wt premarination )/ wt initial ) × 100 Marinade uptake 15 min (%) = ((wt 15min -wt premarination )/wt premarination ) × 100 Marinade uptake at 30 and 45 min were similarly calculated using wt 30min and wt 45min . Marinade retention (%) = ((wt precookwt premarination )/(wt 45min -wt premarination )) × 100 Cook loss (%) = ((wt precook -wt postcook )/wt precook )) × 100 Final yield (%) = (wt postcook /wt premarination ) × 100 Data were analyzed using the PROC MIXED procedure of SAS (Version 9.4, SAS Institute Inc., Cary, NC). To determine the effects of sample type (whole, cranial sub-sample, and caudal sub-sample) and marination duration (15, 30, and 45 min) on marinade uptake, fresh and frozen-thawed data were separately analyzed using a mixed model with repeated measures that included sample type, marination duration, and the sample type by duration interaction as fixed effects. To determine the effects of sample type and freezing-thawing on marination and cooking properties, a 2-way ANOVA was utilized with treatment (fresh, frozen/thawed), sample type, and the treatment by sample type interaction included in the model as fixed effects and experimental replication as a random effect. Significant differences (P < 0.05) between means were identified using the Tukey's means separation method. Pearson correlation coefficients were determined using the PROC CORR procedure of SAS.
RESULTS AND DISCUSSION
Variations in raw breast meat quality are known to influence marination performance and cook yield. It has been shown that pale color and low meat pH (Woelfel and Sams 2001; Qiao et al., 2002; Barbut et al., 2005; Gorsuch and Alvarado, 2010; Zhuang et al., 2014) , and the presence of the white striping or woody breast conditions (Petracci et al., 2013; Mudalal et al., 2015; Soglia et al., 2016) are often associated with diminished marinade absorption and greater cook loss. Because the focus of this study was to determine the effects of fillet sub-sampling and freezing-thawing on the marination process, broiler breast fillets exhibiting extreme color characteristics (pale or dark) or the white striping or woody breast conditions were not utilized. The breast fillets utilized in this study exhibited what would be considered normal pH (5.86 ± 0.05) and L * -lightness values (L * 54.5 ± 3.0). The fresh never-frozen samples had an average purge loss of 0.51% during refrigerated storage from 24 h postmortem to the time of marination at 48 h postmortem. Fillets that were frozen-thawed prior to marination had an average purge/thaw loss of 2.2%. Thus, wide variations in initial breast meat qual- ity were not thought to play a significant role in this study.
In order to determine the effects of fillet sub-sampling and vacuum-tumbling duration on marinade uptake, data for fresh and frozen-thawed samples were analyzed separately using a repeated measures analysis. As expected, marinade absorption increased with vacuumtumbling duration in both intact fillets and fillet subsamples (Figures 1 and 2 ). Although the samples were marinated for a total of 45 min, most of the marinade absorption occurred during the first 15 min of vacuumtumbling. Using marinades with various types of phosphates and salt levels, Xiong and Kupski (1999a,b) similarly found that the majority of marinade absorption by intact breast fillets occurred during the first 15 min of tumbling marination. Marinade absorption in breast meat pieces was also previously found to increase with tumbling time (Heath and Owens, 1991) . Figure 1 shows the interacting effect (P = 0.0001) of fillet sub-sampling and marination duration on marinade uptake in fresh samples. Overall, marinade uptake seemed to be slower with fresh intact fillets compared to sub-samples. Maximum marinade uptake for both the cranial and caudal sub-samples was reached after only 15 min of vacuum tumbling, whereas maximum marinade uptake in intact fillets was not reached until 30 min of marination.
Differences in marinade absorption between intact fillets and sub-samples were likely a function of the ratio between the exposed muscle surface area and the sample weight. Past research on turkey breast meat demonstrated that during vacuum-tumbling, marinade was less readily absorbed through the ventral surfaces of the fillets than the dorsal surfaces (Bowker et al., 2010) . This was likely due to the dorsal surfaces of the fillets having increased areas of muscle fiber exposure due to the lack of the outer membrane and the cutting/deboning process (Bowker et al., 2010) . Similarly, Heath and Owens (1991) suggested that marinade absorption and retention is related to the amount of muscle surface area and cut tissue exposed to the marinade. Hence, the more rapid marinade uptake in the breast fillet sub-samples in the current study may have been due to the fact that the sub-samples had a relatively higher proportion of surface area with exposed muscle fibers per unit of weight than the intact fillets due to the cutting process necessary to remove the sub-samples. On average, however, fresh intact breast fillets reached a greater maximum marinade uptake than fillet subsamples with extended vacuum-tumbling. For the fresh intact fillets, marinade uptake was similar to cranial sub-samples after 15 min of vacuum-tumbling but was greater than both sub-samples after extended marination (30 and 45 min). These data suggest that the use of sub-samples instead of intact fillets may underestimate average marinade pick-up with extended marination. The part of the Pectoralis major muscle from which the sub-samples were taken also influenced marination uptake. Caudal sub-samples had greater marinade uptake than cranial sub-samples after 15, 30, and 45 min of vacuum-tumbling. Differences between sub-samples may have been due to variations in muscle fiber orientation relative to the direction the samples were cut. Figure 2 shows the effects of fillet sub-sampling and vacuum-tumbling duration on marinade uptake in samples that were frozen-thawed prior to marination. For both types of frozen-thawed samples (intact fillets and sub-samples), maximum marinade uptake was not reached until 30 min of vacuum-tumbling. When compared to fresh samples (Figure 1 ), these data suggest that freezing-thawing the breast meat prior to marination decreased the rate of marinade absorption in fillet sub-samples. For the frozen-thawed intact fillets, marinade uptake was similar to cranial sub-samples after 15 min of vacuum-tumbling but more similar to caudal sub-samples at 45 min. Thus, the relationship between the marinade uptake of frozen-thawed intact fillets and fillet sub-samples was dependent upon the duration of vacuum-tumbling. For the frozen-thawed samples, caudal portions had greater marinade uptake than cranial portions after 15, 30, and 45 min of vacuum-tumbling, similar to fresh samples.
Freezing-thawing is known to alter the functionality attributes of raw poultry meat (Chan et al., 2011) . In order to directly compare the effects of freezing-thawing on the marination performance of intact fillets and fillet sub-samples, data were analyzed as a 2-way ANOVA. Table 1 shows the interacting effects of sub-sampling and freezing-thawing on the processing variables. After 15 min of vacuum-tumbling, marinade uptake was not different between fresh and frozen-thawed samples but was on average greatest in caudal sub-samples and lowest in cranial sub-samples. With longer vacuumtumbling (30 and 45 min), however, there were significant sample type by fillet treatment interaction effects on marinade uptake. Surprisingly, freezing-thawing increased marinade uptake at 30 min in both the cranial and caudal sub-samples but had only a limited impact on the marinade uptake of the intact fillets. After 45 min of vacuum-tumbling, the marinade uptake of fresh samples was greatest in the intact fillets and lowest in the cranial sub-samples with caudal sub-samples intermediate. However, in frozen-thawed samples, the marinade uptake after 45 min was similar between intact fillets and caudal sub-samples and lowest in cranial sub-samples. Thus, even though the freezing-thawing protocol used in this study may have influenced the rate of marinade absorption, it did not seem to affect the total amount of marinade absorbed by the samples with extended vacuum-tumbling. Overall, for both the fresh and frozen-thawed samples the average marinade uptake of the caudal sub-samples seemed to be a closer approximation to the intact fillets.
The parameters of the vacuum-tumbling procedure in this study may have contributed to the lower than expected marinade uptakes. Rather than using continuous vacuum tumbling, the samples were vacuum tumbled in three 15 min intervals with weights taken in between in order to determine the time course of marinade absorption. It has previously been observed that continuous vacuum-tumbling marination improves product yield and water-holding capacity compared to intermittent vacuum-tumbling (Gao et al., 2015) . Additionally, lower marinade uptakes may have been partially due to tumbling speed (8 rpm). The physical loosening of the muscle tissue structure caused by tumbling helps to facilitate marinade absorption (Theno et al., 1978) . Using a faster tumbling speed may have increased marinade absorption in the samples by enhancing muscle fiber disruption. Because the primary focus of this study was to compare the marination performance of whole breast fillets and fillet portions, it was necessary to maintain the identification of the individual pieces throughout the entire process. Using a slower vacuum-tumbling speed minimized the loss of identification tags during marination. a-d lsmeans within interaction effects with different superscripts significantly differ (P < 0.05).
x,y,z lsmeans within main effects with different superscripts significantly differ (P < 0.05).
Final product quality is not only influenced by marinade uptake but also by the ability of the breast meat to retain the marinade throughout storage and cooking. Salt and phosphate in the marinade function to increase the water-holding capacity of the meat and enhance moisture retention and product yield. In the current study, the average marinade retention during 24 h of cold storage after vacuum-tumbling was approximately 87% and was similar between fresh and frozen-thawed samples (Table 1 ). There was a trend (P = 0.0728) for marinade retention to be higher in sub-samples than intact fillets. Cook loss was greater in both the cranial and caudal sub-samples than the intact fillets ( Table 1) . The cranial and caudal sub-samples exhibited similar cook loss. Similar to marinade uptake, differences in the cut and exposed surface areas between intact fillets and sub-sample portions may have influenced the amount of moisture lost during cooking. In non-marinated broiler breast meat it has been shown that frozen storage can increase cook loss (Lee et al., 2008) . In this study, however, freezing-thawing prior to marination did not impact average cook loss values for either intact fillets or sub-samples. It is likely that the salt and phosphate in the marinade increased breast meat cook yield and may have masked inherent differences in cook loss due to prior freezing and thawing. The overall processing performance of the samples in this study were estimated by calculating the final cooked product yield. This calculated variable simultaneously accounted for differences in marinade uptake, marinade retention, and cook loss. Final product yield exhibited a significant interaction effect (P = 0.0107) between freezing-thawing and sub-sampling treatments (Table 1) . Freezing-thawing caused an increase in the final product yield of the cranial and caudal sub-samples but not the intact fillets. This was likely due to the increased marinade uptake in the frozen-thawed subsamples compared to the fresh sub-samples. Final product yield, however, was greatest in intact fillets and lowest in cranial sub-samples.
In order to determine how representative the marination performance of Pectoralis major sub-samples were of similar properties in the entire muscle, it was important to not only look at the absolute values of the measurements but also the correlations between the data. Thus, correlation analysis was utilized to determine the strength of the relationships between the intact fillets and fillet sub-samples. With regards to the processing variables, the strength of the relationships between the intact fillets and fillet sub-samples were influenced by freezing-thawing (Table 2 ). The correlations between marinade uptake levels in intact fillets and cranial sub-samples were stronger in fresh samples (r = 0.64 to 0.78) than frozen-thawed samples (r = 0.39 to 0.59). However, the correlations between marinade uptake levels in intact fillets and caudal sub-samples were stronger in frozen-thawed samples (r = 0.79 to 0.82) than fresh samples (r = 0.46 to 0.63). Correlations between marinade uptake levels in cranial sub-samples and caudal sub-samples were stronger in fresh samples (r = 0.76 to 0.91) than frozen-thawed samples (r = 0.56 to 0.79). For marinade retention, cooking loss, and final product yield, correlations between intact fillets and sub-samples were generally greater in frozen-thawed samples than fresh samples.
CONCLUSIONS
Data from this study demonstrate that both subsampling and freezing-thawing prior to marination influence the processing and cooking performance of broiler breast meat. With short vacuum-tumbling times (15 min), the marinade uptakes of the whole breast fillets were more similar to the cranial sub-samples than the caudal sub-samples. With longer vacuumtumbling, however, marinade uptakes of caudal subsamples were more similar to the whole muscles. In both fresh and frozen-thawed samples, vacuum-tumbling beyond 30 min did not lead to further marinade absorption. Freezing-thawing fillets prior to sub-sampling and marination tended to slow the rate of marinade absorption in sub-samples but did not have a strong effect on the marination or cooking properties of the breast meat. In both fresh and frozen-thawed samples, cook loss values were greater in sub-samples than intact breast fillets. Freezing-thawing strongly influenced the relationships between performance of the sub-samples and whole breast fillets. In fresh samples, the marination properties of the intact fillets were more closely related to the cranial sub-samples. In frozen-thawed samples, however, the marination properties of the intact fillets were more closely related to the caudal sub-samples. Although breast fillets are often frozen-thawed prior to marination and sub-samples from the Pectoralis major muscle are frequently utilized for research purposes, the interpretation and comparison of subsequently collected data on the marination and cooking characteristics of broiler breast fillets should account for these variations in sample handling. From an industry perspective, these data demonstrate that breast meat can be frozenthawed prior to portioning and vacuum-tumbling marination without negatively impacting marinade absorption, marinade retention, or cook loss, but also suggest that the portioning of breast fillets prior to vacuumtumbling marination can potentially lower cooked product yield.
